INTRODUCTION
Everolimus is an oral inhibitor of the mammalian target of rapamycin (mTOR) and has demonstrated antitumor activity across multiple types of advanced malignancies including breast cancer, renal cell carcinoma, angiolipoma, neuroendocrine cancer, and central nervous system tumors [1] . Everolimus received U.S. Food and Drug Administration (FDA) approval in a variety of cancer-related indications and is routinely used in oncology practices as an alternative to traditional cytotoxic chemotherapy. Serious adverse events such as stomatitis, anemia, pulmonary toxicity, hyperglycemia, and myelosuppression are commonly reported. However, the overall impact of these off-target effects is largely unknown.
An adverse event is defined by the FDA and by the National Cancer Institute as any untoward medical occurrence associated with the use of a drug in humans, whether or not it is considered drug related [2] . A fatal adverse event (FAE) is further classified as a death thought to be caused in all likelihood by a pharmaceutical agent [2] .The incidence of FAEs is low overall, occurring in 0.3% of prospective clinical trials, but it is an important iatrogenic cause of hospitalizations and mortality in the U.S. [3, 4] . Patients with cancer may be at higher risk of FAEs because of toxicities associated with traditional chemotherapy [5] . Given the known risk of these serious complications associated with oncologic therapies, FAEs can be underreported in clinical trials using targeted agents, and investigation into the true incidence of these events is warranted [6] .
A recent meta-analysis of mTOR inhibitors has shown a near doubling in the relative risk of FAEs compared with control arms [7] . FAEs occurring with everolimus administration have been sporadically reported in the large randomized controlled trials (RCTs) using everolimus in patients with cancer, although no definitive conclusions regarding the incidence of these events with everolimus alone have been established. This topic is of particular importance as everolimus continues to gain momentum in the oncology community as an active agent across increasing numbers of tumor subtypes. In this report, we investigate the incidence and odds ratios of FAEs in an up-to-date, comprehensive metaanalysis of published RCTs using everolimus in patients with cancer.
METHODS

Selection of Studies
PubMed citations were reviewed from January 1966 to July 2013. The search criteria were clinical trials published in English and the key words were everolimus (as well as the trade name Afinitor) and cancer. Abstracts from the American Society of Clinical Oncology (ASCO) and the San Antonio Breast Conference Symposium (SABCS) were also reviewed. When more than one publication or presentation was identified from the same clinical trial, the most recent report with complete information about fatal adverse events was included for analysis.The most recent package insert of everolimus was also accessed to identify relevant information. Efforts were made to contact investigators and the manufacturer of everolimus when relevant data were unclear. The quality of reports of clinical trials was assessed and calculated using the seven-item Jadad scale including randomization, double-blinding, and withdrawals [8] .
Data Extraction and Clinical Endpoints
Data abstraction was conducted independently by three investigators (R.W., M.L., E.R.M.) according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement [9] . Any discrepancies were resolved by consensus. For each study, we extracted the following information: first author's name, year of publication, trial phase, whether the trial was blinded, number ofenrolled patients, treatment arms, duration and schedule of everolimus therapy (including other antineoplastic agents if everolimus was used in combination), median follow-up, underlying malignancy, and the number and causes of author-reported deaths during the study and their attributions to the study regimen. FAEs are defined by the National Cancer Institute's Common Terminology Criteria for Adverse Events (CTCAE) as deaths occurring during a clinical trial as a result of exposure to an experimental drug. FAEs are defined in versions 2, 3, and 4 of the CTCAE as grade 5 events. CTCAE versions 3 and 4 require that the cause of an FAE be specified, whereas version 2 does not [10] . All deaths occurring within 1 month of discontinuation of a study drug are required to be reported regardless of whether they were related to an adverse event.
The primary goal of this study was to establish the association of everolimus with FAEs in cancer patients. Therefore, only RCTs with a direct comparison between everolimus either alone or in combination with another anticancer agent (i.e., chemotherapy, hormonal or targeted therapy) to a control arm were included. Trials that met the following criteria were chosen for analysis: prospective phase II or phase III trials that included cancer patients, randomly assigned study subjects to everolimus treatment alone or in combination with an anticancer agent or control arm without everolimus, and contained adequate reporting data regarding deaths for which an adverse event was the primary cause.
Statistical Analysis
For the calculation of incidence, we extracted the FAEs and the total number of patients treated with the study drug from the selected clinical trials.The proportion of patients who died and the 95% confidence intervals (CIs) were derived from each trial. We calculated the Peto odds ratio (OR) and CI of mortality related to the study drug in patients assigned to everolimus versus controls in the same trial. Cause of death and attribution to trial agent(s) were collected when reported.
The pooled estimates for the main effect and subgroup analyses were calculated from fixed effects models and reported using the Peto one-step method [11] . Peto odds ratios were used because at event rates below 1%, the Peto one-step odds ratio method is found to be the least biased and most powerful. It provides the best confidence interval coverage, provided that there is no substantial imbalance between treatment and control group sizes within studies and treatment effects are not exceptionally large [12, 13] . In the case of rare events, methods such as the inverse variance method should be avoided [12] . As a sensitivity analysis, we also compared our results using the Mantel-Haenszel fixed and random effects models estimating odds ratios and relative risks. We assessed statistical heterogeneity among trials included in the meta-analysis using the Cochran Q statistic, and inconsistency was quantified with the I 2 statistic that estimates the percentage of total variation across studies due to heterogeneity rather than chance [14] . We considered an I 2 value .50% as indicative of substantial heterogeneity.
Prespecified subgroup analysis was performed to identify risk factors for death with everolimus-based therapy. We examined a possible dose-administration relationship between everolimus and death after administration by dividing trials into those in which everolimus was given in combination or alone. Subgroup analysis was also performed by tumor type (breast vs. nonbreast).To test the variation in risk estimates by everolimus administration and tumor subtypes, we conducted meta-regression analyses [15] .
Finally, publication bias was evaluated through funnel plots and with Begg's and Egger's tests [16, 17] . A two-tailed p value of ,.05 was considered statistically significant. Statistical analyses were performed using RevMan 5.2 (The Cochrane Collaboration, Copenhagen, Denmark, http://www. cochrane.org) and Stata/SE version 11.0 software (StataCorp, College Station, TX, http://www.stata.com) [18] .
RESULTS
Population Characteristics
The original search yielded a total of 364 potentially relevant everolimus studies: 120 abstracts from PubMed and 244 from ASCO and SABCS meetings. The detailed selection process is presented in Figure 1 . After evaluating each study, we initially excluded 336 studies. The remaining 28 studies were carefully screened and an additional 12 trials were excluded as ©AlphaMed Press 2014
The Oncologist ® 662 Treatment-Related Mortality With Everolimus CME duplicates. Sixteen of the remaining studies were thoroughly evaluated and 7 trials were excluded because of lack of FAE reporting [19] [20] [21] [22] [23] [24] [25] . The abstracts for the BOLERO-3 and RECORD-3 trials presented only the percentage of FAEs in each arm and did not report the actual number of deaths and were therefore excluded [22, 25] . Nine trials were selected for inclusion in the meta-analysis (Table 1) [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The GeparQuinto trial published a report on a planned interim safety analysis of 45 patients [31] .The final report on all 270 patients treated with everolimus was presented at the SABCS 2011 meeting [32] . Safety data from this study were verified with the primary author on all enrolled patients, and the number of FAEs was the same as that reported in the published interim safety analysis.
In total, 2,997 patients were available for the metaanalysis. Baseline characteristics of each trial are presented in Table 1 . All selected trials included patients with a cancer diagnosis. Underlying malignancies included breast cancer, renal cell carcinoma, neuroendocrine tumors, angiolipomas, and subependymal giant cell astrocytomas. In these trials, patients were required to have adequate baseline organ and hematologic function, as well as good performance status. In all studies, patients were randomly assigned to either a control or everolimus group. Everolimus was administered alone in four studies and compared with placebo [26, 28, 33, 34] . Anticancer agents given with everolimus included long-acting octreotide [27] , endocrine therapy, or chemotherapy [29] [30] [31] [32] 35] . Everolimus was administered at a dose of 10 mg daily in all but two studies [31] [32] [33] . In the GeparQuinto study, everolimus dose was gradually titrated to 5 mg daily; in the EXIST-1 study, everolimus was administered at a starting dose of 4.5 mg/m 2 and adjusted to achieve and maintain everolimus trough concentrations of 5 ng/mL to 15 ng/mL as tolerated [33] . Study quality was assessed on the seven-item Jadad scale, with a score range of 0 to 5 [8] . b This study treated operable breast cancer patients with 4 months of neoadjuvant letrozole with placebo or everolimus; the primary endpoint was rate of clinical complete response by palpation. c The GeparQuinto trial published a report on a planned safety analysis after 270 patients [31] ; the final report on all patients was presented at the SABCS 2011 meeting [32] . Safety data on all enrolled patients were verified with the primary author. Patient enrollment was between July 2007 and June 2011. d Everolimus dose on the GeparQuinto study: day 1, 2.5 mg; day 2, skipped; days 3-8, 2.5 mg daily; day 9, 5 mg; day 10, 2.5 mg; day 11, 5 mg; day 12, 2.5 mg; day 131, 5 mg daily.
e Treatment with paclitaxel started within 7-14 days after the start of everolimus. f Dose adjustments were made to achieve and maintain everolimus trough concentrations of 5 ng/mL to 15 ng/mL as tolerated.
Incidence of FAEs
Among the nine trials included in this analysis, four studies reported no FAEs in control or treatment arms [27, 29, 33, 35] . The GINECO study reported one death in the control arm that was not related to an adverse event as confirmed by the principal investigator [35] . Five trials had at least one FAE in either the treatment or control arm [26, 28, [30] [31] [32] 34] . For the 1,735 patients who received everolimus, 20 died in association with an adverse event. When we used fixed effects modeling for this analysis (heterogeneity test: p 5 .235; I 2 5 23.0%), we found that the overall incidence of mortality with everolimus was 0.7% (95% CI 0.3%-1.1%, p , .001). For the control group, there were two deaths among 1,262 patients in the nine studies that reported FAEs, which conferred an incidence of 0.4% (95% CI 0.0%-0.7%, p 5 .034; heterogeneity test: p 5 .998; I 2 5 0.0%; Table 2 ) [28, 30] .
Main Effect of Everolimus Administration on FAEs
We determined the overall Peto odds ratio of an FAE from the nine RCTs reporting FAEs. The odds of FAEs with everolimus were 3.80 (95% CI 1.59-9.07, p 5 .003) times greater than the odds of FAEs in patients who did not receive everolimus. No significant heterogeneity among the included trials was observed (p 5 .98; I 2 5 0.0%; Figure 2 ).The estimate obtained using the one-step Peto method differed minimally from estimates obtained using Mantel-Haenszel fixed or random effects methods (OR 5 4.18, 95% CI 1.33-12.89 and OR 5 3.96, 95% CI 1.26-12.45, respectively).
Specific Causes of Death Related to FAEs
We investigated the prevalence of specific causes of death from an FAE secondary to everolimus administration. The proportion of deaths directly attributed to everolimus was reported in only one trial [28] . In the 20 patients treated with everolimus with FAEs, the most common causes of death included infection (n 5 8, 40%), cardiopulmonary failure (n 5 4, 20%), and renal failure (n 5 2, 10%). One patient in the RECORD-1 study was reported to have both sepsis and pneumonia [26] . Both of these were combined into one event.
Other causes of death were each reported in a single patient and included hepatic failure [28] , convulsions [34] , cerebral vascular accident [30, 29] , tumor hemorrhage [30] , and suicide [30] . One patient death in the everolimus group had unknown cause [28] . In 8 patients who died of infection, sepsis was cited as the most common cause (n 5 5, 62.5%) [26, 28, 30] , followed by pneumonia (n 5 3, 37.5%; 1 patient in the RECORD-1 study had sepsis and pneumonia) [26, 28, 30] and bronchopulmonary aspergillosis (n 5 1, 12.5%) [26] . It is of note that in 1 patient who died of sepsis, candida pneumonia was cited as the source infection leading to acute respiratory distress syndrome [26] . One patient with cardiopulmonary failure had grade 3 everolimus-related interstitial lung disease [26] . For the patient death secondary to convulsions as the adverse event, investigators reported the cause less likely to be directly related to everolimus [34] . We included this occurrence in our analysis because it was reported as an adverse event. Causes of FAEs in control arms included pneumonia [30] and pulmonary embolism [28] .
Influence of Tumor Type or Administration of Everolimus
In a preplanned analysis, we examined the effect of everolimus administration or tumor type on ORs of FAEs. Four studies were in breast cancer patients [29] [30] [31] [32] 35] , and five studies included nonbreast cancer diagnoses [26-28, 33, 34] . Five studies used everolimus in combination [27, [29] [30] [31] 35] , and everolimus was administered alone in the remaining four trials [26, 28, 33, 34] . Because only five trials had FAEs, the distribution of studies by tumor type and everolimus administration was the same (Table 2) [26, 28, 30, 31, 34] . Generally, everolimus was administered in combination with another drug in the breast cancer trials, and it was given as a single agent in nonbreast cancer trials, with the exception of RADIANT-2 in which no FAEs occurred [27] . Therefore, we were unable to determine the Peto OR of FAEs by tumor type or type of everolimus administration independently. The Peto OR of FAEs in breast cancer trials in which everolimus was given in combination with another anticancer agent was 2.91 (95% CI 0.73-11.64) compared with 4.51 (95% CI 1.48-13.82) in studies with patients with nonbreast cancer malignancies in which everolimus was administered as a single agent. There was no significant difference in patient deaths in either category by meta-regression analysis (p 5 .56).
Quality of the Study and Publication Bias
All trials included in the meta-analysis were randomized, multicenter, open-label, phase III trials published in peerreviewed journals. Each trial contained a control arm in which patients were not administered everolimus. No evidence of publication bias was detected for the odds of an FAE by everolimus administration in cancer patients by Egger's test (p 5 .332) or Begg's test (p 5 .99).
DISCUSSION
To our knowledge, this is the largest and most current report to show a significant increase in the treatment-related mortality with the use of everolimus in cancer patients. The incidence of FAEs with everolimus was 0.7% (95% CI 0.3%-1.1%). Despite the low absolute incidence, there is an almost fourfold increase overall in the odds of death with therapy in everolimustreated patients compared with controls.
Stratified analyses were performed to evaluate subgroups with the potentially higher incidence of dying while on everolimus therapy. No differences were found between tumor subtypes, and similarly, no differences were noted between everolimus monotherapy or in combination with another agent. This remains a hypothesis-generating analysis, and caution should be used when interpreting these subgroups because of the limited sample size.
Death on everolimus therapy has been reported in large clinical trials, and a recent meta-analysis of mTOR inhibitors by Choueiri et al. found an increased risk of fatal drug-related death in patients receiving everolimus or temsirolimus compared with controls [7] . All everolimus trials that were analyzed by Choueiri et al. were included in our meta-analysis. However, our study also analyzed additional data from the GeparQuinto, GINECO, EXIST-1, and EXIST-2 trials, which were not included in the publication by Choueiri et al. These trials were not included in their analysis perhaps because published www.TheOncologist.com
were not yet available at the time of their manuscript preparation or some of the studies did not fit their eligibility criteria. Compared with our results, the investigators reported a higher incidence of death in the everolimus subgroup of 3.2% (95% CI 2.1%-4.8%). Importantly, the authors included all deaths within 30 days of exposure to experimental therapy in their analysis. In contrast, our study comprised deaths that were associated with an adverse event, which is less inclusive than the definition used in their analysis and likely accounts for the discrepancy. The incidence of FAEs in the control group was also larger in the meta-analyses by Choueiri et al. (1.2% vs. 0.4% in our meta-analysis), which is consistent with the above differences in the trial design.The causes of drug-related death were similar in both meta-analyses, with infection being the primary cause. Acute renal failure was reported as the second most common cause by Choueiri et al. in contrast to our meta-analysis, which identified cardiopulmonary failure as the second most common cause followed by acute renal failure. The difference may be accounted for by the very small numbers of specific FAEs and exclusion of studies that used temsirolimus in our meta-analysis. In addition, in contrast to our analysis, Choueiri et al. also analyzed the FAE rate between trials that had longer duration on therapy (defined as greater than the median duration of treatment in all trials) versus those with shorter time on therapy. They found no difference in the incidence of FAEs between these studies.
Infection and pulmonary complications were the most cited cause of drug-related morality. The mechanisms behind everolimus-induced infectious complications are thought to be related to the drug's ability to inhibit T-and B-cell proliferation by blocking G 1 and S phase transition in the cell cycle as well as inhibiting antibody production [36, 37] . Lung toxicity is mediated by an mTOR inhibitor's immune modulation leading to a noninfectious pneumonitis [38] . Biopsies performed in patients treated with everolimus-induced pneumonitis reveal organizing pneumonia with granulomatous inflammation, lymphocytic infiltration, and vasculitis [39] . The rates of everolimus-induced pneumonitis range between ,1% and 17% in various trials [28, 33, 34] . Treatment interruption, dose reductions, and treatment with corticosteroids are the most frequently cited management strategies of everolimusinduced pulmonary toxicities [39] . Everolimus utilization across the oncology field has led to important improvements in progression-free and overall survival in patients with cancer [26, 30] . Based on our findings and findings of others [7] , we agree with the continued use of mTOR inhibitors but suggest close monitoring for treatmentrelated complications. In some cancer patients (i.e., breast cancer) for whom traditional therapies tend to be well tolerated, clinicians should be educated about the toxicities associated with the addition of oral targeted drugs. Risk reduction includes appropriate patient selection, early assessment of toxic effects, and rapid management of serious adverse events [40] . Future large clinical trials with everolimus should study the use of early interventions to prevent known drug-related complications in the hopes of decreasing the incidence of deaths associated with mTOR use.
Despite the size of our analysis, there are several limitations to this study. Data were abstracted from published clinical trial results; therefore, individual patient information was not available. Establishment of clinical or biologic risk factors associated with death while on everolimus was not possible in this analysis. The studies included were conducted by multiple investigators at different institutions; therefore, deaths associated with an adverse event may not have been consistently reported across studies because of subjectivity and disparities in investigator interpretation. At least one FAE was reported in five of the nine RCTs [26, 28, [30] [31] [32] 34] . The remaining four RCTs reported no FAEs in either the everolimus or control arms, and this selection may have introduced bias into this analysis [27, 29, 33, 35] . Several studies were not included in this analysis because of lack of adequate FAE reporting with their preliminary data [19] [20] [21] [22] [23] [24] [25] . Two studies provided rates of fatal adverse events but did not have absolute numbers that were needed to perform accurate analysis [22, 25] . Final reports on the toxicities related to everolimus may provide more data about the incidence of treatment-related deaths with mTOR inhibitors. Similarly, included studies were conducted at large academic centers in patients with good organ function; consequently, our calculation of incidence of treatment-related mortality may not be generalizable to community practices.
CONCLUSION
Patients with cancer who receive everolimus are at increased risk of treatment-related mortality. Although the overall incidence remains low, the odds ratio is significant with an increase in the number of patient deaths associated with an adverse event on everolimus therapy compared with control arms. This is clinically relevant given the rapid increase in the widespread use of this mTOR inhibitor to treat multiple types of cancers. Although everolimus has dramatically impacted the outcomes of patients with numerous tumor types, clinicians should be cognizant of these occurrences and should monitor patients closely for drug-related toxicity.The use of everolimus or other mTOR inhibitors will increase in cancer patients as evidence demonstrating their anticancer efficacy continues to be published. Post-approval studies monitoring the potentially lethal side effects of targeted therapies are necessary to best characterize the overall clinical impact of novel agents in oncology patients.
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